Abstract-Recent research and industrial accomplishment has revealed the advantages of cascaded smart converter Photovoltaic (PV) system over traditional centralized and string PV system. However, smart converter normally has higher cost than central-level or string-level MPPT PV system due to the fact that each smart converter need individual MPPT controller, voltage and current sensors. In order to solve this problem, a multi-phase smart converter with single controller is proposed in this paper. Comparing to traditional smart converter, the proposed solution can largely reduce cost by saving MPPT controllers, current and voltage sensors without sacrificing energy production. The effectiveness of the proposed structure is verified by both simulation and hardware testing. The proposed multi-phase smart converter also can be extended to work as subpanel-level and string-level multi-phase PV converters.
INTRODUCTION
As the global demand for energy has vastly increased over the last few decades, energy and the environment have become serious concerns in the world today [1] . Renewable energy sources (RES) have drawn more and more attention in recent years, which have given rise to the fast development of Electronic Power Distribution Systems (EPDS), such as microgrid, utilizing multiple RES as supplementary energy source to utility grid [2] . DC nano-grid is one kind of micro-grid EPDS at low power level (10-100kW). Fig. 1 shows a typical DC nano-grid system structure for future home. The 380V DC bus in the DC nano-grid provides an interface for all RES while the energy control center (ECC) takes charge of interfacing DC bus with utility AC grid. In [3] , it is addressed that a DC nano-grid is a promising EPDS since it features more efficient way to deliver energy, fast control and protection capability comparing to AC nano-grid system. Solar or photovoltaic (PV) source, a suitable RES for DC nano-grid due to its dc output characteristics, is one of the significant players in the world's energy portfolio and will make more and more contribution to the energy consumption among all renewable energy candidates by year 2040 [4] . Solar power system installations have rapidly increased thanks to the concerns about the global climate change and energy supplies. With the encouragement of governments' incentive programs, PV systems in recent years have begun to expand into residential areas. For most residential PV systems which are at medium power level, e.g. 1kW~10kW, the system consists of 10~50 PV panels. Generally, there are three architectures for the residential PV system based on the MPPT target level: (1) Central level MPPT PV system; (2) String level MPPT PV system; (3) Panel level MPPT PV system [5] . Fig. 2 (a) shows the configuration of central level MPPT PV system. The main advantage for centralized system is low cost because only one central converter is used. However, the main drawback is low energy harvesting efficiency under nonuniform solar irradiance condition which can be caused by shadows, dirtiness, manufacturing tolerances, thermal gradients, aging, different module orientations and tilts, etc. The mismatch cases impact the performance of the PV system on two aspects. Firstly, mismatch cause multiple peak power points on the power-voltage curve of PV array. Therefore, MPPT algorithms can fail to track the global peak power point. Secondly, even if the global peak power point can be tracked by some complicated MPPT algorithms, the tracked peak power is still lower than the sum of the available maximum powers of all the panels in PV array. Because the mismatch makes each panel have different maximum power point (MPP), but panels in one string are forced to drive the same current, which means it is impossible for each panel to deliver peak power.
This work was supported by the Power Management Consortium (PMC) of Center for Power Electronics Systems (CPES) Industry Partnership Program. Fig. 2 (b) shows the configuration of string level MPPT PV system. The difference with centralized PV system is it splits the second stage converter into individual converters for each PV string. Each individual string converter implements MPPT for each string leaving no interaction between different strings. Under mismatch condition, string PV system has higher energy harvest than centralized PV system. However, for each string, multiple peak power point issue mentioned above still exists. To improve system performance under mismatch conditions, panel-level MPPT PV system has been developing very rapidly in recent years. General speaking it can be categorized into micro-converter PV system and smart converter PV system as shown in Fig.2 (c) and Fig. 2 (d) . In the micro-converter PV system, micro-converter with MPPT function interfaces each PV panel (20V~50V) directly with high voltage DC bus, e.g. 250V~400V DC bus, and then all the available energy in the PV array can be harvested. Nevertheless, the main drawbacks of micro-converter are mainly about cost and efficiency due to the high voltage ratio.
In smart converter PV system, PV panel is decoupled from the others by smart converter, then its output curve is mapped to a wide MPPT range. Normally, the converter performs MPPT which continuously forces the operating point of PV panel at MPP. The output then behaves as a constant power source which is hyperbolic curve. Essentially, the MPPT region is extended from single panel MPP into a much wider range via smart converter. The width of this MPPT region is determined by the converter output current limit and voltage limit. Therefore, the advantage is obvious comparing to conventional centralized and string PV system. If the MPPT regions of smart converters connected in one string share certain current overlapping, it is then guaranteed that all the panels in this string can generate maximum power.
Comparing to micro-converter, smart converters are nearly of unity voltage gain and allow both series and parallel connection, thus enabling more flexible system configuration. However, in heavy mismatch condition, smart converter PV system fails to deliver peak power from each panel due to limited voltage ratio. In [12] , an alternative system configuration as shown in Fig.3 is proposed to allow all the PV panels to work on their individual MPP regardless of the mismatch condition. However, smart converter still has higher cost than centrallevel or string-level MPPT PV system due to the fact that each smart converter need individual MPPT controller, voltage and current sensors. In order to solve this problem, a multi-phase smart converter is proposed in this paper. Comparing to traditional smart converter, it can largely reduce the number of MPPT controller, voltage and current sensors without sacrificing energy production, which can help to lower the installed PV system price and lead to a lower levelized cost of energy (LCOE). This paper is organized as follows: Section II presents the concept of multi-phase smart converter as well as its possible extension for string-level PV system and sub-panel level PV system; Section III gives the simulation result of cascaded multi-phase smart converter PV system; Section IV gives hardware test results, which verifies the effectiveness of proposed solution; Finally, Section V gives the conclusion.
II. PROPOSED MULTI-PHASE SMART CONVERTER

A. Concept of Multi-Phase Smart Converter with time sharing MPPT control
In the traditional smart converter PV system, each panel has a dedicated MPPT converter as shown in Fig. 4 . Taking panel 1 as an example, the single phase smart converter senses panel output voltage V P1 and panel output current I P1 , and uses a MPPT controller to track peak power point of panel 1 by perturbing V P1 . All the single phase smart converters work simultaneously and keep tracking peak power points of panels without interruption. However, there is no need to track peak power point of every panel all the time. The reason is that compare to the calculation speed of controller (MCU, DSP), the variance of solar irradiance is very slow. For example, during 0.1 second, a 60MHz MCU , can execute 6 million instructions, which are enough for MPPT algorithm to converge 10 times. Whereas, in the natural environment, the variance of solar irradiance during 0.1 second is very small. Therefore, most time the MPPT algorithm works in convergence mode, which means controller gives nearly constant input voltage reference to the smart converter. Based on this reason, a multi-phase smart converter architecture with single MPPT controller is proposed. Fig. 5 (a) shows an example of 2-phase smart converter. Fig. 5 (b) shows an example of 4-phase smart converter. Comparing to the traditional single-phase smart converter, the proposed multiphase smart converter not only reduce controller number but also reduce voltage and current sensor number. The traditional single-phase smart converter need to sense input voltage and input current of each smart converter to do the MPPT control. But the proposed multi-phase smart converter only senses the output voltage and total output current of the smart converters.
Using the 2-phase smart converter in Fig. 5 (a) as an example, since the output of two smart converters are in parallel, only one voltage sensor is used to sense Vo; and only one current sensor is used to sense total output current Io. Since only one MPPT controller is used to control multi-phase converter, the timesharing method is adopted to track MPP of each panels. While controller is tracking panel 1, controller gives perturbation on V P1 by sensing V o and adjusting duty cycle D 1 . Meanwhile, the voltage of panel 2 are fixed by adjusting duty cycle according to sensed V o , which means panel 2 delivers constant power based on the assumption that the solar irradiance is nearly constant during a short time frame. Thus, if V P1 is perturbed toward higher power point, then the total power of two panels becomes higher; otherwise, if V P1 is perturbed toward lower power point, then the total power of two panels becomes lower. After reaching the MPP of panel 1, the controller turns to track panel 2 while fixing V P1 at its peak power point. This is essentially a time sharing MPPT control. Therefore, a two-phase smart converter with single MPPT controller can replace two single phase smart converter without suffering MPPT performance. For the 4-phase smart converter as shown in Fig. 5(b) , only three signal need be sensed to realize time sharing MPPT control: output voltage of two top converters V o1 , the output voltage of two bottom converters V o2 , and total output current of these four converters I o . Hence, assuming there is very small power loss in the power conversion, both total power of two top panels, and total power of two bottom panels can be measured. Then, the time sharing MPPT control also can be used to track MPP of each panel as shown in Fig. 6 . While controller is tracking panel 1, controller gives perturbation on panel 1 voltage V P1 by sensing V o1 and adjusting duty cycle D 1 . Meanwhile, the panel voltage of other three PV panels are fixed by adjusting duty cycle according to sensed V o1 and V o2 , which means the other three panels' power are constant. Thus, if V P1 is perturbed toward higher power point, then the total power of two top panels becomes higher; otherwise, if V P1 is perturbed toward lower power point, then the total power of two top panels becomes lower. After reaching the MPP of panel 1, the controller turns to track panel 2, 3 and 4 one by one. After finish tracking panel 4, another MPPT tracking cycle will start again from panel 1. shows a 4-phase smart converter, which has 2 groups in series, and each group has 2 phases in parallel. With the same concept, a 4-phase smart converter can be easily extended to a 9-phase smart converter with 3 groups in series and each group has 3 phases in parallel as shown in Fig. 7 . Actually this concept can be further extended to multi-phase smart converter with m groups in series and each group has n phases in parallel. With this m by n structure, we still only need to sense total output current, and the output voltage of each group to do time sharing MPPT control. 
2) Subpanel-level Multi-phase Converter
Recent research on distributed MPPT appeals that subpanel level peak power tracking can further improve energy production compared to panel level MPPT [16] . In [16] , a unified output MPPT control structure is presented in order to reduce the cost and simplify the subpanel-level MPPT system as shown in Fig. 8 . In this subpanel converter, all the cell strings share the same voltage reference. Analysis and derivation in [16] indicates that this MPPT control structure can effectively deliver power when mismatch happens among cell strings. The proposed multi-phase converter with single controller and less sensor number also can be extend to subpanel-level PV system. Fig. 9 shows an example of subpanel-level multi-phase converter. Taking panel 1 as an example, when controller is tracking panel 1, controller gives perturbation on V ref1 . Meanwhile, the voltage reference of other three panels are fixed, which means the other three panels' power is constant. Thus, if V ref1 is perturbed toward higher power point, then the total power of two top panels becomes higher, and vice versa. After finish tracking MPP of panel 1, controller turns to track other panels while fix V ref1 . Fig. 8 . Subpanel-level MPPT converter [16] . Fig. 9 . Subpanel-level multi-phase converter.
3) String-level Multi-phase Converter
The conventional string-level PV system has multiple string converters in parallel, and each string converter needs to sense output voltage and current of PV string as shown in Fig.10 . The proposed multi-phase converter also can be used in string level PV system as shown in Fig.11 . In order to verify the proposed multi-phase smart converter with time sharing MPPT control, a 4-phase panel level smart converter is simulated. Fig. 12 shows the P-V curves that are used in this simulation. Fig. 13 shows the startup waveforms of panel voltage and panel power. During the first time interval 0-0.2s, the controller is tracking the peak power point of panel 1 and fixing other three panels' voltage at initial voltage 40V. Hence, the output power of other three panels are basically constant but the output power of panel 1increased to its peak value. During the second interval 0.2-0.4s, the controller is tracking the peak power point of panel 2. Meanwhile, the voltage of panel 1 is fixed at its peak power point, but the voltage of panel 3 and panel 4 is still fixed at initial voltage 40V. Therefore, panel 1 continues to deliver its peak power, panel 2 gradually increases its output power to the peak value, and the other two panels still output the same power as they do during the first time interval. Using the same method, the controller can track the MPP of four panels in turn. During the first time interval, the controller is tracking panel 1, so the voltage of panel 1 is perturbing around the peak power point while the voltage of other three panels are fixed at the peak power point. In the second time interval, the voltage of panel 2 is perturbing around its peak point, but the voltage of other three panels is fixed at its peak power point. 
IV. EXPERIMENTALL RESULTS
The experiment hardware is shown in Fig.15 . A 4-phase smart buck converter is constructed. E4361 Agilent Solar Simulators are used to simulate four PV panels. The output of four solar simulators have different I-V curves, which follows the same setup of simulation as shown in Fig.12 . Fig. 15 . Experiment hardware of 4-phase smart converter. Fig.16 gives the startup voltage waveforms of four panels. The controller firstly tracks MPP for P1 while fix output power of the other three panels. After finishing MPPT for P1, the controller tracks MPP for P2 while fix output power of the other three panels. Fig.17 (a) shows the steady state waveforms of panel output voltage which vibrates around its peak power point. Fig.17 (b) is the zooming waveform during tracking V P1 period. According to the operating points of four panels on P-V curve given in Fig.12 , during tracking VP1 period, V P1 is perturbed among three points, A 1 , A 2 and A 3 , which are very close to its peak power point. Meanwhile, the voltage of other panels are fixed at their peak power point, which are noted as B 2 , C 2 and D 2 on the P-V curve. By using the same method, the controller can always deliver maximum power from each panel during other periods. 
V. CONCLUSION AND FUTURE WORK
This paper presents a multi-phase smart converter for PV system, which saves current and voltage sensors, and MPPT controllers on the premise of guaranteeing that each panel can still output peak power. Possible extended applications for multi-phase converter are also discussed, such as string-level and subpanel-level multiphase PV converter. Simulation and experimental verification are conducted which indicates the feasibility of the proposed MPPT method. In the future, the proposed MPPT method will be further verified and optimized based on testing over larger scale system.
